The influence of the overlap interactions between the bridging ligands and the metal d orbitals on the super-exchange coupling constant has been studied by ab-initio Restricted Hartree-Fock molecular orbital calculations. The interaction between the magnetic d orbitals and the HOMOs of the acetate oxygens has been investigated in homologous -acetato-bridged dicopper(II) complexes which have significantly different 2 values (the energy seperation between the spin -triplet and spin -singlet states).
Introduction
Polynuclear copper(II) complexes have intensively been investigated during the last two decades. This is partly due to their relevance as active site structures of metalloproteins [1, 2] , and partly because of attempts to understand the relationship between the structure and the magnetic properties [3 -8] .
Empirical studies of the structural and magnetic properties of the dicopper(II) complexes have shown some interesting magnetostructural correlations. In bis ( -hydroxo) and bis ( -alkoxo) bridged binuclear copper(II) complexes, Hatfield and Hodgson [9, 10] observed an increase in the strength of antiferromagnetic coupling with increasing Cu-O-Cu bridging angle. However, this rule is only valid in doubly bridged systems with the Cu-O-Cu angle in the range 90 -105 [9] and in single alkoxide or hydroxide bridged compound with larger Cu-O-Cu angles (120 -135 ) [11, 12] . The magnetostructural properties of binuclear copper(II) complexes which contain a second bridging ligand such as acetate or azide ions have also received considerable attention [13 -15] . When a second bridging group is added to the system, the antiferromagnetic interaction is weakened or enhanced.
0932-0784 / 02 / 0500-0209 $ 06.00 c Verlag der Zeitschrift für Naturforschung, Tübingen www.znaturforsch.com This may show that the presence of the second bridging ligand influences the strength of the antiferromagnetic interaction. This fact has been explained, based on Hoffman's theory [16] . Accordingly the different bridging ligands can act in a complementary or countercomplementary way to enhance or attenuate the strength of the super-exchange interaction as a result of differences in symmetries of the magnetic orbitals.
Recently, Meenakumari et al. [15] reported the crystal structures, spectral and magnetic properties of ( -hydroxo) ( [8, 17] . Antiferromagnetic interactions which were observed for these complexes show significant differences, although they have almost the same bridging ligands. In this paper, we have studied the magnetostructural correlations for these compounds by ab-initio restricted Hartree-Fock molecular orbital calculations to explain the significant differences in antiferromagnetic interactions between homologous -acetato-bridged dicopper(II) complexes.
Molecular Orbital Calculations
Ab-initio restricted Hartree-Fock (RHF) calculations for the acetate ion were carried out by using the GAUSSIAN-98 program [18] . STO-3G [19] minimal bases sets were adopted for the carbon and oxygen atoms. The structural parameters were obtained from x-ray analysis [15] .
Theoretical Model
The sign and magnitude of the coupling constant is influenced by bridging ligands between the metal ions depending on the various types of overlap interactions between the metal d orbitals and the ligand orbitals. By symmetry, a given bridging ligand orbital generally interacts with one combination of magnetic orbitals, whether symmetric (d s ) or antisymmetric (d a ) in preference to the other combination. (Fig. 1b) .
In case of the acetate bridge, the separation of d a '' and d s '' is effected by the highest occupied molecular orbital (HOMO) of the acetate ion, as shown in Figure 2 . The countercomplementary effect by the orbital interactions with an acetate ligand makes the energy difference between d a '' and d s '' smaller than that between d a ' and d s '. Therefore, the 2 values of the ( -alkoxo) ( -acetato) or ( -hydroxo) ( -acetato) dicopper(II) complexes are smaller than those of the single alkoxo-or hydroxo-bridged compounds. However, the larger the energy separation between the antisymmetric (d a '') and the symmetric (d s '') molecular orbitals, the stronger are the antiferromagnetic interactions. According to the theoretical analysis of Hoffmann and co-workers [16] , the coupling constant is expressed as
where ab , aa and ab are the exchange integral and one-center and two-center Coulomb repulsion integrals, respectively, and (d a '') and (d s '') are orbital energies of d a '' and d s '', respectively . Since the denominator of the second term varies slowly and ab is approximately constant for compounds with similar bridging structures, the energy difference between the antisymmetric (d a '') and symmetric (d s '') combinations of the magnetic orbitals (see Fig. 1 ) is the determining factor for the magnitude of the coupling constant. Nishida et al. [20] show for s higher in energy than a , a decrease in the energy difference between d a '' and d s ''. In other words, the energies of the interacting orbitals cause the acetate bridge to act in a countercomplementary fashion with the alkoxide bridge. In addition, if s overlaps more effectively with d s than a with d a , the overlap integrals of the interacting orbitals may affect the acetate bridge to work in a countercomplementary fashion with the alkoxide bridge again.
Magnetostructural Correlations
Magnetostructural correlations have been established for dinuclear copper(II) complexes in the last two decades [21 -23] . It is instructive to compare the magnetic and structural properties of compounds 1, 2, 3, and 4 with those of dinuclear copper(II) complexes [6, 11, 12, 20, 23] . When we consider dinuclear copper(II) complexes in which single hydroxide bridged and double hetero bridged (pyrazolate or pyridazine instead of acetato bridge), we notice that, although the structural properties of the compounds 1, 2, 3, and 4 are almost identical with those of other complexes, their antiferromagnetic superexchange interactions are weaker (Table 1 ). This may show that the presence of the second bridging ligand affects the strength of the antiferromagnetic super-exchange interaction differently. In addition, although the second bridging ligands of 1 and 2 are the same as those of 3 and 4, there is a significant difference in 2 values for these complexes. Since it is difficult to explain this fact in terms of structural factors, we consider overlap interactions between the metal d orbitals and HOMO's of the acetate ion. 
Results

Ab-Initio Restricted Hartree-Fock Molecular Orbital Calculations
In compounds 1 and 2, since the orbital energy of s is higher than that of a by 0.201 eV and 0.204 eV, respectively, the energies of the interacting orbitals cause the acetate bridge to work in a countercomplementary fashion with the hydroxide bridge in both compounds.
The For this calculation, we obtained the HOMO's of the acetate ions of compounds 1 and 2 by using the GAUSSIAN-98 program [18] . The HOMO's are expressed in terms of LCAO's in (1) and (2) for compound 1:
and in (3) and (4) for compound 2:
The overlap integrals are given as functions of [20] , where is the angle between the Cu-acetate O bond vector and the nearest lobe of the local magnetic d orbital (see Fig. 3 ). Figure 3 shows the projection of Cu2 and donor atoms onto the coordination plane together with the axes of the magnetic d orbital (broken lines).
We determined the orientation of magnetic d orbitals. In order to fulfill the requirement of maximum overlapping, the function
was minimized, where , , and are the angles formed by the coordination bonds and the axes of the d orbitals (Fig. 3) . Finally, we determined the overlap integrals between d s and s , and between d a and a . When the and axes in Fig. 3 are rotated by , the d 1 orbital is expressed in terms of the new coordinate system as
The s and a orbitals of the acetate ion can be expressed as the sum of the orbitals on O1 and O2 and the neighboring carbon atoms:
a = a1 + a2 + aC .
These orbitals can be expressed in terms of the new coordinate system in which the axis is on the Cu2-O1 bond (for compound 1): 
From (6) and (9) follows (d 1 , s1 ) = 0.0018 (cos (2 )) (3d, 2s) (10) + 0.6039 (sin (2 )) (3d , 2p ) + 0.3720 (cos (2 )) (3d , 2p ).
(d s , s ) = 0.0026 (cos (2 )) (3d, 2s) (12) + 0.8541 (sin (2 )) (3d , 2p ) + 0.5261 (cos (2 )) (3d , 2p ).
In a similar way, (d a , a ) is obtained: S(d a , a ) = 0.0008 (cos (2 )) (3d, 2s) (13) + 0.3418 (sin(2 )) (3d , 2p ) + 0.2347 (cos(2 )) (3d , 2p )
In the case of compound 2, the overlap integrals were obtained in the same way:
(d s , s ) = 0.0558 (cos(2 )) (3d, 2s) (12) + 0.0998 (sin(2 )) (3d , 2p ) + 0.9608 (cos(2 )) (3d , 2p ) (d a , a ) = 0.0090 (cos(2 )) (3d, 2s) (13) + 0.2503 (sin(2 )) (3d , 2p ) + 0.4210 (cos(2 )) (3d , 2p ).
The difference between (d a , a ) and (d s , s ) was calculated for compound 1 and 2. The rough overlap integrals are evaluated by using data from Jaffe and Kuroda [24, 25] : (3d,2s) 0.04, (3d , 2p ) 0.02, (3d , 2p ) 0.06. The difference between (d a , a ) and (d s , s ) is denoted as (a-s). In the 
Discussion
The (a-s) values of 1, 2, 3, and 4 are given in Table 2 . We notice that in all cases (a-s) is negative, i. e. The value of -(a-s) for 2 has been found to be the biggest. This indicates that the (d s , s ) overlap for 2 is the most effective one, and the energy separation between d a '' and d s '' is the smallest. Consequently, the weakest antiferromagnetic coupling is observed for compound 2. In the case of other compounds, the bigger the value of -(a-s), the weaker is the antiferromagnetic interaction. When the (d s , s ) overlap is more effective since the energy separation between d a '' and d s '' attenuate, the antiferromagnetic super exchange interaction is weaker.
-(a-s)(2) > -(a-s)(1) > -(a-s)(4) > -(a-s)(3), -(2) < -(1) < -(4) < -(3).
The calculations show that the values of (a-s) correlate very well with the values.
Conclusion
In dinuclear copper(II) complexes which contain two different bridging ligands, the bridging units may act in a complementary or countercomplementary fashion to increase or decrease the strength of the super-exchange process. The reason of the weak antiferromagnetic coupling of the -acetato-bridged dicopper(II) complexes 1, 2, 3, and 4 is explained by the
